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ABSTRACT: Empirical Mode Decomposition (EMD) is a technique that converts the measured signal into a 
number of basic functions known as Intrinsic Mode Functions (IMFs). The EMD-based damage detection 
algorithm relies on the principle that a sudden loss of stiffness in a structural member will cause a discontinuity 
in the measured response that can be detected through a distinctive spike in the filtered IMF. Recent studies have 
shown that applying EMD to the acceleration response, due to the crossing of a constant load over a beam finite 
element model, can be used to detect a single damaged location. In this paper, the technique is further tested 
using simulations of a beam with multiple damaged sections. The use of a moving average filter on the 
acceleration response, prior to applying EMD, is also investigated. A bridge deck is modelled as a series of 
discretized beam elements where a loss of stiffness is introduced at some random locations. The ability of the 
EMD algorithm to detect more than one damaged section is analysed for a variety of scenarios including a range 
of bridge lengths, speeds of the moving load and noise levels. The influence of the number of measurement 
points and their distance to the damaged locations on the accuracy of the predicted damage is also discussed.  
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1.  INTRODUCTION 
 
The process of determining and tracking structural integrity and assessing the nature of damage in a structure is 
often referred to as health monitoring. In health monitoring, it is advantageous, especially in the case of bridges, 
to use the structural response from operational dynamic loads, such as vehicular loads, for damage detection. 
These methods are based on the fact that damage in a structure usually implies a local stiffness reduction or 
increase in flexibility, which induce changes in its dynamic properties. Extracting damage location and 
magnitude using vibration-based methods without undamaged data to compare to has been a major problem for 
researchers. This paper investigates the application of empirical mode decomposition (EMD) to the structural 
response to a moving load and its ability to meet the challenges of detecting and locating damage in a beam 
model.  
 
 
1.1.   Empirical Mode Decomposition  
EMD is a signal processing method which decomposes data into several intrinsic mode functions (IMFs) by a 
procedure known as the sifting process. An IMF must satisfy two conditions: (1) Within the data range, the 
number of extrema and the number of zero crossings are equal or differ by one only; and (2) the envelope 
defined by the local maxima and the envelope defined by the local minima are symmetric with respect to the 
mean. Huang & Shen [1] provide a detailed description of how EMD is performed, the following being a brief 
outline. 
The sifting process is executed by first constructing an upper and lower envelope of the signal, by connecting its 
local maxima and minima, using a cubic spline (Figure 1(a)). The mean of the two envelopes is then found and 
subtracted from the original signal, resulting in a signal called the first IMF. The difference between the first 
IMF and the original signal is then subjected to the same sifting process, giving the second IMF. The sifting 
process continues until the residue signal reaches a predetermined value or becomes a monotonic function. The 
first IMF contains the highest frequency components in the signal while the residue represents the lowest 
frequency components (Figure 1(b)). 
 
  
 
Figure 1 – (a) Construction of upper and lower signal envelopes and their mean value, (b) IMF plots of acceleration signal. 
 
 
To detect discontinuities related to damage in a structural response, an intermittency frequency, fc, has been 
traditionally applied to an IMF so that the data having frequencies lower than fc will be removed from the filtered 
IMF. According to Yang et al. [2], the intermittency frequency should be smaller than the frequency of 
discontinuity but larger than the highest structural frequency appearing in the measurement. The EMD-based 
damage detection algorithm relies on the principle that a sudden loss of stiffness in a structural member will 
cause a discontinuity in the measured response that can be detected through a distinctive spike in the filtered 
IMF. The IMFs with higher frequency components are more sensitive to this discontinuity.  
EMD has been recently applied to damage identification in structures subject to dynamic loading. Xu & Chen [3] 
conducted experiments on the use of EMD using a three storey steel frame building model. A sudden change of 
structural stiffness was simulated and signals were acquired using accelerometers. The measured structural 
response time history from each test case was processed using the EMD approach with intermittency check to 
obtain the first IMF component. The first IMF components were then used to identify the damage time instant 
and damage location of the building. Xu & Chen concluded that the EMD approach can accurately identify the 
damage time instant by observing the occurrence time of the damage spike in the first IMF component of the 
acceleration response. They found it to be a useful tool for damage detection of real structures in the sense that it 
is a signal based and model free method requiring no prior knowledge of the structure. 
Bradley et al [4] used EMD to detect damage in the acceleration response of a beam model subject to the 
crossing of a load. This investigation concluded that EMD could be used to detect damage from the accelerations 
of a structure subject to a moving load. They applied a high-pass filter to the IMFs, resulting from the 
acceleration response, to detect a single damaged location. It was found that high levels of noise and long beam 
lengths introduced some small inaccuracies; however, these could be reduced with an increase in observation 
points.  In this paper, this EMD technique is tested using simulations of the response of a beam with multiple 
damaged locations.  Results reveal that there are no significant differences between filtering the IMF or filtering 
the original signal. In this paper, the authors suggest an alternative approach that improves the sensitivity of the 
algorithm to damage. 
 
 
2.  APPLICATION OF EMD TO DAMAGE DETECTION 
 
The response of a one dimensional simply supported finite element beam model subject to a moving load is 
simulated using Matlab 7, as described by Hester et al. [5]. A crack is modelled as a reduction in stiffness of the 
beam in the area of the crack with the assumption that the crack does not affect the mass of the structure. The 
severity or depth of the crack is described by the variable δ which is the ratio of the crack height (h) to the beam 
depth (d). The area of influence of this stiffness reduction is approximated with a triangular shape which extends 
1.5d either side of the crack, in accordance with Sinha et al. [6].  
For testing purposes, the beam is assumed to be made of material with a modulus of elasticity of 34 GPa and a 
density of 2400 kg/m
3
.  The beam cross-section is uniform of width 0.5 m and depth 1 m. Acceleration signals 
are obtained at the midspan of the beam, at a frequency of 1000 Hz, as a 100 kN load travels across the structure. 
EMD is then applied to the acceleration signal along with a high-pass filter, set to the required fc. 
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To demonstrate the capabilities of EMD in detecting multiple damage locations, the load is initially moving at a 
velocity of 5 m/s over a 10 m beam span. Cracks of δ=0.5 are located at 4 m and 8 m from the first support. 
Figure 2(a) shows the first IMF of the acceleration signal before and after filtering. Clear damage spikes can be 
seen at 0.8 and 1.6 s which corresponds to 4 m and 8 m respectively on the beam model. The initial occurrence 
of damage spikes starts approximately 0.3 s previous to the location of the crack and tapers off to approximately 
0.3 s after, which is equivalent to the triangular shape stiffness reduction of 1.5d  employed to either side of the 
crack (1.5 m is covered in 0.3 s at 5 m/s) . Figure 2(b) shows the original acceleration signal and the signal after 
filtering. It can be seen that these results are almost identical to those produced from the use of EMD. 
  
 
Figure 2 – (a) IMF 1 and filtered IMF 1 showing damage at 0.8 m and 1.6 s, (b) Acceleration signal and filtered acceleration 
signal showing damage at 0.8 m and 1.6 s. 
 
 
Figure 2 shows a large transient occurring at the beginning of the filtered signal. The reasons for this transient 
are twofold. Firstly, it can be expected as a result of the filtering process. The filter encounters a change in 
frequency at the start up of the signal, which is greater than fc, leading to large initial spiking. Secondly, the 
original acceleration signal has a start-up discontinuity as the load moves onto the bridge. These discontinuities 
are of a high frequency which pass through the filter and also contribute to the transient. 
Damage occurrences at a single damage location of 8 m (1.6 s) are tested in Figures 3(a) and (b) for δ values of 
0.2 and 0.1 respectively.  As expected, the acceleration values here are considerably smaller (by a factor of 10) 
than in Figure 2 where δ=0.5. Again, the damage location can be seen with a triangular distribution of 
approximately 1.5 m either side (i.e., 0.3 s), however, there is a spike at the midspan observation point, that is 
particularly significant for the lower damage (Figure 3(b)). The identification of the spike associated to damage 
is not compromised by this isolated spike, associated to the observation point, because the location of the sensor 
can be accurately established on site and therefore, the use of multiple observation points will minimize the 
impact of these non-damage spikes.  
 
 
   
 
Figure 3 – Filtered IMF 1 signals showing a single damage location at 8 m with (a) δ=0.2 and (b) δ=0.1. 
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Figure 4 shows the results for a beam with two damage locations at 4 and 8 m (0.8 s and 1.6 s) and two levels of 
damage (δ=0.2 and 0.1). The damage location at 8 m is clear for both damage levels. However the first damage 
location is unclear compared to Figure 2 with more severe damage. The decrease in height of the damage spike 
for lower damage levels means that the decaying initial transient caused by filtering and the spiking at the sensor 
location will interfere, making damage identification more difficult. 
 
  
 
Figure 4 - Filtered IMF 1 signals showing two damage locations at 4 m and 8 m with (a) δ=0.2 and (b) δ=0.1. 
 
 
Similar results to Figures 3 and 4 can be found by directly filtering the acceleration signal as shown in Figure 2 
for δ=0.5. The Fast Fourier Transform (FFT) of both signals is therefore plotted, to examine the frequency 
distribution of the original signal and the IMF component, and check if there exists any advantage in using the 
EMD method. Figure 5(a) shows the signal without the addition of noise and Figure 5(b) shows the same signals 
with a signal to noise ratio (SNR) of 20. The low frequencies were removed from the signals as these will be 
removed in filtering. Both figures show that the frequencies follow similar patterns, with the original signal in 
main showing sharper frequency peaks than the IMF due to the smoothing of the EMD process. The IMF signal 
does not appear to provide any more prominent detail and it is therefore concluded that EMD applied in this 
manner has no significant advantage over using the original signal for detecting the discontinuity associated to 
damage.  
 
  
 
Figure 5 – (a) FFT of acceleration signal and IMF 1, (b) FFT of acceleration signal and IMF 1 with SNR=20. 
 
 
3.  ALTERNATIVE APPROACH USING A MOVING AVERAGE FILTER 
 
A new approach that removes the discontinuity at the start of the filtered signals and improves the sensitivity to 
the presence of damage in the signal is introduced here. This approach is based on the use of a moving average 
filter (MAF) rather than a high-pass filter as in previous research. A FFT of the acceleration signal is used to 
obtain the dominant frequency of the beam. The span of the MAF is set equal to the number of scans associated 
to one period of vibration. This is used to remove the natural (dominant) frequency of the beam, while 
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smoothing higher frequencies associated to modes of vibration of the structure, the static component and any 
discontinuities. EMD is then employed to create a monocomponent signal which has zero mean. The peaks 
obtained above the zero mean line in the first IMF considerably magnify the presence of damage compared to 
the approach shown in Section 2. Applying EMD reduces the presence of the static component of the signal, 
which remains after filtering as a triangular shape for the case of a simply supported beam [7].  
When applying the MAF the number of data points obtained will be reduced by the span of the filter and the 
location of the discontinuities will be altered. To allow for this the signal has been relocated to start the span 
distance from the first support. Figure 6(a) shows the acceleration signal, of a beam, after a MAF has been 
applied. For comparison with the previous algorithm, the load is again moving at a velocity of 5 m/s over a 10 m 
beam span and the beam has two damage locations of δ=0.5 at 4 m and 8 m from the first support. In Figure 6(a) 
the signal peaks occur at 4.025 m and 7.97 m giving a maximum detection error of 0.03 m. The first IMF of 
Figure 6(a) is shown in Figure 6(b). The IMF signal in Figure 6(b) shows a maximum error of 0.02 m. The IMF 
representation of the filtered signal appears to be clearer, more accurate and easier to interpret compared to the 
results of the algorithm in Section 2. 
 
  
 
Figure 6 – (a) Acceleration signal with two damage locations at 4 and 8 m after MAF is applied, (b) IMF 1 of 
acceleration signal in Figure 6(a) 
 
 
A range of parameters are examined next to give an indication of how this new algorithm will perform under a 
variety of scenarios. Beam models are tested with δ values of 0.3, 0.2 and 0.1 under varying velocities, beam 
lengths and noise levels. 
 
3.1.   Varying load velocity 
This method has the potential to be extended to the case of measuring the acceleration response of a bridge to 
traffic and it is tested here under operational traffic speeds from 10 to 30 m/s using δ values of 0.3, 0.2 and 0.1.  
Figure 7 shows that this method is capable of detecting two simultaneous damages at a high load velocity of 30 
m/s for δ=0.3. The two damaged portions are easier to identify in the first IMF (Figure 7(b)) than in the original 
signal (Figure 7(a)). 
 
 
 
Figure 7 – (a) Filtered acceleration signal with δ=0.3 at 4 m and 8 m and load velocity of 30 m/s, (b) IMF 1 of acceleration 
signal in Figure 7(a). 
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 Similar results were obtained at 20 m/s for δ=0.2 and δ=0.1 (Figure 8(a)). In the latter, the first IMF of the 
averaged signal again gives clearer damage peak locations than the original signal as the triangular shaped static 
component in the acceleration signal dominates for smaller damage levels. However, detecting damage locations 
of δ=0.2 and 0.1 was not as accurate at higher velocities of 30 m/s and rogue peaks occur, as shown in Figure 
8(b). From Figures 7 and 8 it can also be seen that higher velocities result in a larger loss of information in the 
first section of the beam due to the relative increase in MAF span compared to the number of available 
measurements. 
 
  
  
 
Figure 8 - Filtered acceleration signal and IMF 1 with δ=0.1 at 4 m and 8 m and load velocity of (a) 20 m/s and (b) 30 m/s 
 
 
3.2.   Varying beam length 
Only beam lengths of 10 m have been tested to this point. Beam lengths of 20 and 30 m are tested in this section  
to determine if the variation in length had any effect on the algorithm’s ability to detect damaged sections. The 
load is now set to move at a velocity of 10 m/s. Examples of these results are shown in Figure 9 (a) and (b).  
 
 
 
   
 
Figure 9 – Filtered acceleration signal and IMF 1: (a)  δ=0.3 at 8 m and 14 m for a beam length of 20 m, (b) δ=0.3 at 12 m 
and 19 m for a beam length of 30 m. 
 
 
Figure 9(a) shows the algorithm is capable of detecting damage in 20 m long beams. Figure 9(b), however, 
shows that although the damage peaks can be located in a 30 m beam, non-damage related peaks of smaller 
magnitude may develop.  
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3.3.   Varying noise levels 
To take into consideration more realistic measurement conditions, the results of the simulations were corrupted 
with white noise. SNR of 10 and 5 are examined. In the presence of noise, firstly the signal undergoes lowpass 
filtering to remove the high frequency noise events and then the moving average filter is applied. For the 
purposes of these tests, a beam length of 10 m, velocity of 10 m/s and δ value of 0.3 are used. Figure 10(b) 
shows that the algorithm is capable of removing noise of up to a SNR of 5. Although the accuracy of damage 
location at this noise level is reduced, it can still be narrowed down to within 0.5 m. As can be seen from figure 
10(b) it is possible that some rogue peaks will be introduced with noise, however by comparing the acceleration 
signal and IMF 1 peaks and employing more than one sensor location these rogue peaks can be eliminated. 
 
 
  
 
Figure 10 – Filtered acceleration signal and IMF 1 with δ=0.3 at 4 m and 8 m and (a) SNR=10 and (b) SNR=5. 
 
 
3.4.   Influence of sensor position 
Figure 11 illustrates the effect of sensor position on the height of the damage peak. The results in this figure have 
been obtained from processing accelerations for a load travelling at 10 m/s on a 20 m beam with damage 
positioned at the midspan section. As the sensor moves away from the damage, from 0 (at the damaged location) 
to 10 m (at the support), the peak height diminishes. It is clear that the closer the damage to the sensor the higher 
the damage peak and if a number of measurement locations were available, there should be a trend in the 
magnitude of the peaks identified by each sensor for a specific damage that would increase the robustness of the 
method. 
 
 
Figure 11 – Maximum damage peak height versus distance of sensor from damage location. 
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Figure 11 shows that damage can be detected up to 10 m, however the damage peak heights merge for lower 
damage values beyond a distance of 4 m, meaning the level of damage becomes unclear. A narrow  sensor 
spacing will improve the determination of the extent of the damage, elimination of rogue noise peaks and 
removal of non-damage related discontinuities. Therefore, for this particular beam, an ideal sensor layout should 
leave any section of the beam within 4 m or less of a sensor to maximize the advantages of the proposed method. 
 
 
4.  CONCLUSION 
 
This paper has investigated the possibility of applying EMD to the acceleration response of a beam subject to a 
moving load to detect damage. It was found, that on its own, EMD is capable of detecting multiple damage 
locations, however, the results are unclear and disrupted by filter transients. A new approach was employed that 
first applies a MAF to the signal before performing EMD. It is a signal-based model-free method requiring no 
prior knowledge of the structure, which utilizes not only the nonlinear characteristic of the response to determine 
the damage, but also the transient properties of the load to determine the damage location. This method is 
capable of detecting damage as small as 10% of the beam depth in a signal generated at a velocity of 10 m/s and 
corrupted with a SNR of 5. Clear and accurate results showed that this new approach algorithm is a promising 
tool for damage detection of real structures with a relatively low-cost implementation. 
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